Expressions for describing Gaussian beams focused by a lens with spherical aberration have been derived. Numerical results show that, when the coefficient of the spherical aberration is negative, one can obtain flattened laser irradiance at two positions along the focused field. The larger the coefficient of negative spherical aberration, the larger the flatness is. The effect of the Fresnel number of the focusing lens on the flattened laser irradiance is also investigated.
Introduction
A laser operating in the TEM 00 mode has an axially symmetric intensity distribution that decreases in a Gaussian manner with the radial distance outward from the center. In many applications, e.g., in holography, laser material processing, and inertial confinement fusion, laser beams of uniform intensity are required. [1] [2] [3] [4] [5] [6] So far, several techniques have been suggested and used in attempts to flatten a Gaussian beam profile. [1] [2] [3] [4] [5] [6] [7] [8] Ih 1 and Klingsporn 2 have proposed a method of flattening Gaussian beams by using a plano-convex absorbing lens. Dew and Parsons 3 have used an absorbing filter to flatten Gaussian beams. It is obvious that the main drawback of these methods is that some energy of the Gaussian beams has been absorbed by the absorbing lens or filter. Other techniques using a binary diffraction grating, a lens array, a binary-phase zone plate, etc. for generating uniform intensity of the laser beams have been developed. [4] [5] [6] [7] [8] Much research has been done on the propagation of Gaussian beams through lenses without aberration. It is well known that under a paraxial approximation a Gaussian beam maintains its transverse profile in the Gaussian manner after passing through an unapertured lens without aberration. But the propagation characteristics of Gaussian beams propagating through lenses with aberration have not been studied much, although spherical aberration exists in a simple lens and thermally induced laser material. 9 -12 In this paper the expressions describing the Gaussian beam propagating through a lens with a spherical aberration are derived, and the numerical results show that, when a Gaussian beam passes through a lens with a negative spherical aberration, one can obtain flattened laser irradiance at some positions of the focused field. It is obvious that the main advantage of this technique is that it is lossless and very simple.
In Section 2 we derive the expressions for describing the focused light field behind the lens with a spherical aberration. Based on these expressions, we can calculate the focused light field. Some numerical results are given in Section 3, which indicate that the flattened laser irradiance can be achieved in some positions of the focused field. The effect of the limiting aperture of the focusing lens on the flattened laser irradiance is also discussed. The numerical results show that, as the Fresnel number of the lens decreases, the positions where flattened laser irradiances occur shift toward the focusing lens. In Section 4 conclusions and discussions are briefly given.
Theory
As shown in Fig. 1 , a Gaussian beam of wavelength ͕wave number k ϭ ͓͑2͔͖͒͞ is focused by a lens with a negative spherical aberration. It is assumed that the waist of the Gaussian beam is just at the plane of the lens, which is indicated as the z ϭ 0 plane. It is assumed that the focal length of the lens is equal to f. So the field emerging from the lens with spherical aberration ⌽ R at a typical point Q is expressed as
where w is the waist radius of the Gaussian beam at the lens plane and A 0 is a positive constant. It is assumed that the radius of the lens is equal to a.
According to the Huygens-Fresnel diffraction principle, the field at any point P that is not too close to the lens plane is given by
where s is the distance QP; the integration extends over the portion of the reference surface. The positions of Q and P can be denoted as ͑Ј, Ј, z ϭ 0͒, and ͑, , z͒, respectively, in cylindrical coordinates.
In the Fresnel approximation s in the denominator of Eq. ͑2͒ can be given approximately as
and s in the term exp͑iks͒ can be approximated as 13
Equation ͑2͒ can be rewritten as
In Eq. ͑5͒ phase term exp͑ikz͒ was neglected. The Ј integration gives
so that Eq. ͑5͒ becomes
On substituting Eq. ͑1͒ into Eq. ͑5Ј͒, we have
Equation ͑7͒ is the expression for the light field of a Gaussian beam focused by a lens with spherical aberration ⌽ R . For simplicity, we consider only the lens with primary spherical aberration, which is given by
Substituting Eq. ͑8͒ into Eq. ͑7͒, we have where
is called the Fresnel number of Gaussian beams viewed from the geometric focus, and
is called the Fresnel number of the lens viewed from the geometric focus. Therefore one can get an intensity in the focused field of I͑r, z͒ ϭ U͑r, z͒U*͑r, z͒.
Note that, for convenience in numerical calculation, we chose the coefficient of spherical aberration S 1 , as expressed in Eq. ͑8͒. 10 In some other papers dealing with focusing with spherical aberration, the spherical aberration ⌽ R of the lens is expressed as
where ␦ 1 is the wave-front deformation at the aperture edge, measured in wavelength units. From
Eqs. ͑8͒, ͑10͒, ͑11͒, and ͑13͒, we obtain the relation between ␦ 1 and S 1 as Based on Eqs. ͑9͒ and ͑12͒, we perform the numerical calculation by using a 486 computer and software MathCAD. In Section 3, we give some numerical results. The numerical results indicate that, when a Gaussian beam is focused by lenses with negative spherical aberration, we can get uniform laser irradiance at two positions on the focused field. In calculation the intensities are normalized to that at the geometric focus.
Generating Flattened Laser Irradiance
It is well known that, when a Gaussian is focused by an unaperture lens without aberration, it will maintain its transverse profile in the Gaussian manner. But its transverse distribution may change if it propagates through a lens with aberration. Therefore flattened laser irradiance may occur when a Gaussian beam passes through a lens with spherical aberration. To show the effect of spherical aberration on the focused field, some numerical results are shown in Figs. 2-10 . Figure 2 shows a transverse light intensity distribution at two special positions along the focused field, when the Fresnel numbers of the incident Gaussian beam and of the lens are chosen to be N w ϭ 1 and N a ϭ 10 ͑N a Ͼ Ͼ N w , i.e., the approximation of an unapertured lens͒, and the coefficient of spherical aberration kS 1 ϭ Ϫ0.35 ͑␦ 1 ϭ Ϫ5.57͒. It is found that in this situation one can obtain a flattened laser irradiance at these two special positions on the focused field ͑i.e., at z͞f ϭ 0.499 and 0.562͒. Figures  3 and 4 show the flattened laser irradiance in two positions on the focused field in the case of kS 1 ϭ Ϫ0.3 ͑␦ 1 ϭ Ϫ4.77͒ and kS 1 ϭ Ϫ0.2 ͑␦ 1 ϭ Ϫ3.18͒, respectively. We find that, from Figs. 2-4, the larger the negative coefficient of spherical aberration, the greater the flatness is. To illustrate the evolution from one flattened laser irradiance to another, in Figs. 4 we present curves representing the intensity distribution across the diameter of some positions of the focused field. Two sets of graphs corresponding to kS 1 ϭ Ϫ0.3 ͑␦ 1 ϭ Ϫ4.77͒ ͓Fig. 5͑a͔͒ and kS 1 ϭ Ϫ0.2 ͑␦ 1 ϭ Ϫ3.18͒ ͓Fig. 5͑b͔͒ are presented. We show that, in the case of kS 1 ϭ Ϫ0.3 ͓Fig. 5͑a͔͒, at position ͑z͞f ϭ 0.518͒ in the focused field, flattened laser irradiance occurs. When the irradiance continues to propagate along the z axis, a ditch appears in the center; when z͞f ϭ 0.577, another flattened laser irradiance with a slightly larger light intensity occurs. Figure 5͑b͒ shows that the flattened laser irradiance is nearly unchanged when the light field propagates between the two positions ͑z͞f ϭ 0.576 and 0.603͒ where the flattened laser irradiance occurs. Figure 6 shows the positions where flattened laser irradiance is related to the coefficient of the spherical aberration. We find that, as the coefficient of the negative spherical aberration increases, the positions at which flattened laser irradiance occurs shift toward the focusing lens, and the distance between two positions of flattened laser irradiance for a fixed coefficient of spherical aberration becomes larger.
It is known that focusing lenses have limiting apertures. Therefore investigating the effect of the limiting aperture of the lens on the focused field, especially on flattened laser irradiance, is worthwhile. In Table 1 , we give the wave-front deformation at the aperture edge ␦ 1 , the two positions where flattened laser irradiance occurs, and the difference between these two positions related to Fresnel number N a of the lens in the case of kS 1 ϭ Ϫ0.3 and N w ϭ 1. It is shown that when N a Ͼ Ͼ N w , changing N a does not cause a remarkable change in the positions at which flattened laser irradiance occurs. However, when N a Յ 4, as N a decreases ͑i.e., ␦ 1 becomes small͒, the positions at which the flattened laser irradiance occur shift toward the focusing lens, and the difference between these two positions increases. Figures 7, 8, 9 , and 10 show the flattened laser irradiance in some positions along the focused field in four Fresnel numbers of the lens ͑N a ϭ 4, 2, 1.5, and 1, respectively͒. It is indicated that, when N a ϭ 4, the tops of the flattened laser irradiance are very flat, which is the same as those in N a ϭ 10 case ͑see Fig. 2͒ . When the Fresnel number of the lens ͑N a ͒ is as small as that of the incident Gaussian beam, the intensity modulation shows up at the top of the flattened laser irradiance, and the smaller the Fresnel number of the lens, the larger the intensity modulation on the top of the flattened laser irradiance. This intensity modulation comes from the diffraction effect.
Conclusions and Discussions
In conclusion, flattened laser profiles can be achieved when a Gaussian beam passes through a lens with negative spherical aberration. The flattened laser profiles occur at two positions along the focused field. The larger the coefficient of the negative spherical aberration, the greater the flatness is. The effect of the Fresnel number of the focusing lens on the flattened laser irradiance is given. It is shown that, as the Fresnel number of the focusing lens decreases, the positions where flattened laser irradiance occur shift toward the focusing lens, and the intensity modulations show up at the tops of the flattened laser irradiance. The smaller the Fresnel number of the lens, the larger the intensity modulation is. Because the spherical aberration is generally present in lenses and thermally induced laser material, we can easily obtain a uniform laser intensity distribution with this technique.
